of data normalization procedures for expressing peak VO, data. J. Appl. Physiol. 75(5): 2288 -2292 , 1993 has traditionally been compared among individuals differing in body composition by dividing measured values (Urnin) by fatfree mass (FFM) (i.e., ratio method). However, the ability of the ratio method to mathematically remove the confounding influence of FFM from peak Vo2 has recently been questioned. Therefore, we compared the effectiveness of the ratio method vs. regression modeling to normalize peak VO, in a large cohort of males and females for differences in FFM. Regression modeling adjusts peak VO, according to the relationship derived from the regression of peak VO, on FFM. Results showed that peak VO, was 60% higher in males (3.53 & 1.0 l/min) than in females (2.22 t 0.6 Urnin; P < 0.01). With the ratio method (i.e., peak vo,lFFM), peak vo, was 15% higher in males (54.6 t 12 ml. kg FFM-' l min?) than in females (47.4 t 11 ml l kg FFM-1 l min-'; P < 0.01). In contrast, when a regression-based approach was employed to normalize values, no significant difference in adjusted peak VO, was observed between males and females (3.04 * 0.9 vs. 3.01 t 1.0 Urnin). In conclusion, dividing peak VO, by FFM can produce spurious results, because this approach does not take into account the nonzero intercept. Therefore, a regression-based approach should be used to normalize peak VO,. peak oxygen uptake; gender; fat-free mass; normalization MAXIMAL AEROBIC POWER [peak 0,uptake (vo,)] is an indicator of an individual's ability to utilize 0, at maximal exercise (7). Its widespread use as a diagnostic tool for cardiovascular health (1) and its predictive capacity as a marker of energy expenditure and daily energy requirements (4, 11) underscore its clinical importance. It is well known that peak VO, depends partially on body size and composition (2). Therefore, to compare cardiovascular fitness in. subjects differing in body size and composition, peak VO, data have traditionally been normalized using a ratio with body weight or fat-free mass as the divisor (i.e., ratio method). The use of such a ratio aims to remove the confounding effects of body size and body composition on peak VO,.
MAXIMAL
AEROBIC POWER [peak 0,uptake (vo,) ] is an indicator of an individual's ability to utilize 0, at maximal exercise (7). Its widespread use as a diagnostic tool for cardiovascular health (1) and its predictive capacity as a marker of energy expenditure and daily energy requirements (4, 11) underscore its clinical importance. It is well known that peak VO, depends partially on body size and composition (2). Therefore, to compare cardiovascular fitness in. subjects differing in body size and composition, peak VO, data have traditionally been normalized using a ratio with body weight or fat-free mass as the divisor (i.e., ratio method). The use of such a ratio aims to remove the confounding effects of body size and body composition on peak VO,.
Mathematically, however, the expression of peak VO, as a ratio assumes a linear relationship between peak VO, and fat-free mass (or body weight) with a y-intercept equal to zero [peak VO, = b(FFM) , where b is the slope and FFM is fat-free mass]. In fact, the assumption of a zero intercept is rarely satisfied in biological research (18) . Therefore, the relationship is probably more accurately characterized by the following equation: peak . vo = b(FFM) + c, where c is they-intercept. Thus, when the2ratio method is applied to data that exhibit a nonzero y-intercept, spurious conclusions could be drawn in comparing peak VO, among individuals who differ in body composition. The inaccuracy of the ratio method as an approach to compare biological data that are body size dependent has previously been reported (5, 6, 13, 18) . Despite these important findings, peak Vo2 data continue to be expressed on a per kilogram or per kilogram of fat-free mass basis in scientific literature on exercise physiology. Our objectives in the present study were 1) to examine the bias introduced by using the ratio method to normalize peak VO, in subjects who differ in body composition and 2) to examine the effectiveness of regression modeling to normalize peak VO, data of individuals and groups differing in body composition. This latter method normalizes peak VO, data by adjusting peak VO, values according to the linear relationship between peak VO, and fat-free mass.
METHODS

AND MATERIALS
Subjects. A total of 523 individuals, 322 males (17-78 yr; 42 t 19 yr) and 201 females (18-81 yr; 45 t 17 yr), in excellent physical health were examined. Criteria for subject selection were as follows: no clinical symptoms or signs of heart disease, resting blood pressure <140/90, normal resting electrocardiogram (ECG), a normal 12-lead ECG response to an exercise stress test, absence of any prescription or over-the-counter medication that could affect cardiovascular function, no family medical history of diabetes or obesity, and weight stability (k2 kg) by medical history within the past year. The nature, purpose, and possible risks of the study were carefully explained to each subject be fore th .ey gave thei r consent to participate. The experimental protocol was approved by the Committee on Human Research for the Medical Sciences of the University of Vermont. Measurement of peak VO, Peak VO, was assessed by a progressive and continuous test to exhaustion on a treadmill as previously described (12). Briefly, a comfortable initial walking or jogging speed was found for each subject. After the first 3 min, the incline was increased by 2.5% every 2 min while a constant treadmill speed was maintained. Peak VO, was recorded as the highest 0, uptake for 1 min during the test. Attainment of peak vo2 for each subject was defined as the subject having reached their age-predicted maximal heart rate and having a maximal respiratory exchange ratio >l.O. Test-retest conditions (within 1 wk) for peak VO, in a previous group of volunteers yielded an intraclass correlation of 0.94 and a coefficient of variation of 3.8% in 25 males (12) and 0.98 and 3.4%, respectively, in 18 females (3).
Body composition. Body composition was estimated with the use of the Siri equation (15) from body density by using underwater weighing with simultaneous measurement of lung volume by helium dilution. Fat-free mass was estimated as total body weight minus fat weight. The reproducibility of percent body fat was examined using test-retest conditions (within 1 wk). The intraclass correlation in a previous group of volunteers for the estimation of percent body fat reached 0.98 and the coefficient of variation was 4.9% in 25 males (12) and 0.97 and 4.2%, respectively, in 18 females (3).
Statistics. The difference between male and female physical characteristics and peak VO, normalized using the ratio method (ml l kg FFM-1 . min-') were assessed by unpaired t tests. The relationships between peak VO, and body composition variables were determined using linear regression analysis. Mean differences in peak VO, between men and women were compared by using the ratio method with fat-free mass as the divisor and with analysis of covariance. Analysis of covariance allows for the removal of a linear effect of the covariate (fat-free mass or body weight) on peak VO, without making the assumption of a zero intercept. Before applying analysis of covariance, however, it is important to appreciate several underlying assumptions. These assumptions include I) the relationship between the dependent variable and with fat-free mass in males (n = 322) and females (n = 201).
iate relative to the range of observations). All of these assu mptions were met by our data set. To illustrate the potential differences in the ratio method and analysis of covariance when comparing individuals with different levels of body composition, we compared differences in adjusted peak VO, between men and women using the two methods. All values are expressed as means t SD, unless otherwise specified.
RESULTS
Physical characteristics. The physical characteristics of both males and females are described in Table 1 . This population represents a broad age range of healthy volunteers varying in body composition. Males were significantly taller (P < 0.05), weighed more (P < O.Ol), and possessed a greater quantity of fat-free mass (P < 0.01) compared with females. Females showed a higher level of percent body fat (P < 0.01) and fat mass (P < 0.01) compared with males.
Identification of a normalization variable for peak Vo2. We focused our initial efforts on identifying a variable that would serve as the most appropriate index to normalize peak VO, data. Fat-free mass was the best predictor of peak VO, in the whole group (r = 0.77, P < 0.01; Fig.  1 ). Fat-free mass also showed the highest simple correlation with peak TO, in both the males (r = 0.60; P < 0.01) and the females (r = 0.61; P < 0.01) when compared with other body composition variables such as body weight (males, r = 0.47, P < 0.01; females, r = 0.03, not significant) and fat mass (males, r = -0.34, P < 0.01; females, r = . -$45, P < 0.01). The regression equations in which L .n-. ^ peak V 0, is predicted from fat-free mass are 0= male A = female r = 0.77 for females. The intercepts for both the male (-1.018 t 0.33) and female (-1.078 t 0.31) regressions of peak VO, with fat-free mass were significantly different from zero (P < 0.01). The slopes of these regressions (males, b = 0.070-t0.005; f emales, b = 0.071 t 0.007) were not significantly different.
Statistical examination of the ratio method. The regression model for peak VO, as defined from our data set is
where b is the slope and-c is the y-intercept (i.e., the predicted value for peak VO, when fat-free mass equals zero). The traditional approach to normalize peak VO, has been to divide peak VO, by fat-free mass. This approach assumes a model of peak VO, = I>(FFM) (4) (i.e., y-intercept = 0). However, when the ratio method is used to normalize data that are represented by the relationship described in Eq. 3, the result is shown in Eq. 5. From Eq. 5, it is clear that the ratio method does not mathematically eliminate the effect of fat-free mass from the regression equation given the continued presence of the term, -l.O18/fat-free mass (i.e., c/FFM). 
It should be noted that if the y-intercept (c) in the relationship of peak Tjoz to fat-free mass were zero, then the two models would be equivalent, and dividing by fat-free mass would remove its effect from the regression equation. Hypothetical example of the bias introduced by the ratio method. We next focused our attention on evaluating the potential bias of the ratio method on peak VO,, as shown in Fig. 2 ..The regression line represents the relationship of peak VO, with fat-free mass in the male group, as derived from Eq. 1. For example, subject A, possessing a fat-free mass of 40 kg and a peak VO, of 1.78 l/min, has a ratio of 0.045 (or a peak Vo2 of 45 ml l kg-' l min-'). However, subject B, possessing a fat-free mass of 80 kg and falling on the same regression line, would have a predicted peak VO, of 4.58 l/min and a ratio of 0.057 (or a peak VO, of 57 ml. kg-' l min-l). Because subjects A and B fall directly on the regression line, they should theoretically possess identical normalized peak Tjoa values. However, because the ratio method incorrectly assumes a zero intercept for the relationship of peak VO, with fat-free mass, the values of subjects A and B normalized using the ratio method are not identical. . min-'1 because ratio method fails to account for nonzero yintercept.
These ratios can be converted to ml l kg FFM-' l min-' by multiplying each by 1,000.
the normalized peak Tjop of each subject, it can be noted that subject B is overestimated relative to the peak Vop of subject A. The practical implications are that, when the ratio method is used in a population displaying a large range of fat-free mass, subjects possessing a smaller quantity of fat-free mass will have their normalized peak VO, systematically underestimated relative to subjects with larger amounts of fat-free mass. Adjustment of individual peak Vo2 values using regression analysis. We suggest that regression analysis (to which analysis of covariance reduces when we have only one group) represents a more suitable statistical approach to normalize peak VO, data. The regression line in Eq. 3 can be rewritten in a form centered around the mean (X) of the normalizing variable (fat-free mass) as follows
where Y is the mean peak Vo2, X is a value of fat-free mass, and Y is the corresponding predicted (average) value of peak VO,. For an individual whose peak Tjoz is Y0 and whose fat-free mass is X0, the regression line permits adjustment for the difference between X0 and X. The individual's adjusted peak VO, is
In effect, Yb restates the peak VO, value as if the individual's fat-free mass were X. This form of the equation now permits the calculation of an individual's adjusted peak VO, given values for b and X0. With the use of Eq. 7, the normalized peak VO, values for subjects A and B are now -identical, as shown below, using X = 58 kg (the mean of fat-free mass in our data set) and b = 0.07. These values were derived from the relationship of peak VO, and fatfree mass in our data set 1.78 -0.07(40 -58) = 3.04 llmin (8) 4.58 -0.07(80 -58) = 3.04 l/min (9) Adjustment of mean values using regression analysis. We examined gender differences in peak VO, using the ratio method and analysis of covariance in our cohort of healthy males and females. During the test of peak VO,, males reached a slightly higher maximal respiratory exchange ratio (1.11 t 0.07) compared with females (1.09 t 0.07; P < 0.01). There was no difference in the maximal heart rate between males and females (180 t 21 vs. 178 t 17 beats/min; data not shown).
Analysis of covariance can use the relationship between Y and the covariate X to adjust group means of Y for possible differences among the groups' means on X. For a linear relationship, the model is given by
where i refers to the group and j refers to the individual, b is the common slope for all groups, ci is the intercept for the ith group, and eii is the residual or the difference between observed and predicted values for each individual. Adjusted group means (Yi) are therefore calculated according to the relationship between peak VO, (Y) and the covariate fat-free mass (X) as shown below
where Yi is the mean peak VO, of the ith group, Xi is the mean fat-free mass for the ith group, and Xg is the grand mean for the covariate. It is important to note that analysis of covariance can be applied to a nonlinear relationship as well (8). Using analysis of covariance on our data, we found that the slope of the relationship between peak VO, and fat-free mass did not differ significantly between males and females. A value of b of 0.069 was then used to calculate group adjusted means. Figure 3 shows peak VO, on an absolute basis, peak VO, normalized using analysis of covariance, and peak VO, normalized with fat-free mass in the denominator (i.e., ratio method). Measured peak VO, was 60% higher in males than in females (3.53 t 1.0 vs. 2.22 t 0.6 l/min). When the data were normalized using the ratio method, men showed a 15% higher peak VO, compared with women (54.6 t 12.1 vs. 47.4 t 11 ml l kg FFM-1 l min-'; P < 0.01). In contrast, when peak VO, is adjusted for fat-free mass using analysis of covariance, no differences in the adjusted mean values between males and females were found (3.04 t 0.9 vs. 3.01 t 1.0 l/min).
DISCUSSION
In the methods present study of normalizin , we examined and g peak Tjo2 data an compared two d their impact on data analysis. The traditional ratio divides peak VO, method, which by fat-free mass, was compared with regression analysis, a statistical approach that adjusts peak VO, for the linear relationship between peak VO, and fat-free mass.
Historically, studies that have examined peak VO, have used the ratio method to normalize data for subjects of varying However, body size and this approach composition (2, 9, 10, 16,-17) . has been criticized in recent years (5, 6, 13) . Frequently, this method has employed body weight as the divisor to characterize the functional capacity of the 0, transport system. Our data suggest that fat-free mass is a more appropriate index to normalize peak Vo2 data because fat-free mass accounts for a greater proportion of the variance in peak VO, (r2 = 60%) than body weight (r2 = 22%) among individuals. This finding is not surprising, because fat-free mass is composed of the metabolically active tissue (i.e., muscle) that is primarily responsible for the production of energy to perform e xternal work ( 14) . Because of the strong statistical and physiological rel ationship between peak VO, and fat-free mass, we propose that it be adopted as the variable of choice for normalization of peak VO,.
Our data show that the relationship between peak VO, and fat-free mass has a y-intercept that is significantly different from zero (in males, -1.018 t 0.33; P < 0.01). Therefore, the linear relationship between peak I~o, and fat-free mass should be represented by an equation that includes a nonzero intercept. However, using the ratio method to normalize peak Tjo, for fat-free mass makes the erroneous assumption that the relationship between the variables is linear and contains a zero y-intercept.
Moreover, it is clear that when the ratio method is applied to variables, the relationship of which has a nonzero &intercept, it does not adequately rem ove the e ffect of the normalizin g variable (fat-free mass) from the dependent variable (peak VO,; see Fig. 3 ). Interestingly, earlier work (2) employing a smaller sample size (n = 54) showed that the intercept of the regression line of maximal 0, uptake on fat-free mass was close to zero, although no statistical examination of this difference was presented. Collectively, our results indicate that when the ratio method is used to normalize variables that exhibit a nonzero y-intercept, individuals with a large amount of fat-free mass will have their peak Vo2 overestimated compared with individuals with a lower quantity of fat-free mass, because this method fails to account for the presence of a negative intercept (see Fig. 2 ).
Regression modeling represents a more suitable approach to compare peak VO, in individuals and groups who differ in body composition (e.g., male vs. female; old vs. young) This statistical approach adjusts peak-%, according to the linear relationship between peak VO, and fat-free mass developed from the data being analyzed and thus takes into account the y-intercept, if significantly different from zero. Therefore, regression analysis produces adjusted peak VO, data for individuals with the effect of the normalizing variable completely removed. Regression modeling can be used to normalize peak VO, with fat-free mass or body weight as the normalizing variable. If body weight accounts for a substantially smaller proportion of the variance in peak VO,, however, use of body weight will yield less-accurate adjusted values. We subsequently examined gender differences in peak VO, in a large cohort of data to illustrate the statistical problem of using the ratio method vs. regression modeling. With the ratio method, peak VO, was 15% higher in males than in females, as other studies have found (9, 10, 16, 17) . However, when peak 00, was compared using fat-free mass as the covariate, no difference between males and females was noted. This example underscores the possibility that different normalization procedures may lead to different results. Furthermore, the ratio method produces a different conclusion than regression modeling because of its failure to take into account the nonzero y-intercept. It will be helpful in future studies to evaluate the validity of the ratio and regression approaches against an independent criterion (such as work capacity or performance in a running event) to distinguish gender differences in peak VO,.
In conclusion, we suggest that regression modeling be used to normalize peak VP, in all experimental designs where a measure of peak VO, independent of body composition is desired. As long as its underlying assumptions are satisfied, a regression-based approach can be used to adjust individual and/or group mean values.
